The innate immune system evolved to recognize conserved microbial products, termed pathogenassociated molecular patterns ( 
Results and discussion
Drosophila Toll is required for the detection of fungal infection and induction of the anti-fungal peptide drosomycin [3] . In the mouse, TLR2 and TLR4 mediate recognition of bacterial PGN and LPS, respectively [4] . The functions of the other members of the Drosophila and mammalian Toll families are currently unknown, although it is expected that at least some of them are involved in innate immune recognition. PAMPs are potential targets of innate immune recognition and, therefore, possible ligands for TLRs. One such PAMP, bacterial DNA, has potent immunostimulatory activity. This activity depends on the presence of an unmethylated CpG motif that is characteristic of bacterial but not mammalian genomic DNA [5, 6] . Here, we tested the possibility that a member of the Toll family mediates recognition of CpG DNA. We used MyD88-deficient cells derived from MyD88 knockout mice, as Toll-induced cellular responses have been shown to be dependent on MyD88 [7, 8] . MyD88 is also involved in interleukin-1 (IL-1) and IL-18 signaling [9] [10] [11] [12] and, presumably, in signaling by other members of the IL-1 family. The activities of IL-1 and IL-18 are both dependent on processing by caspase-1 (also known as ICE) [13] . Therefore, to distinguish the effect of the MyD88 deletion on Toll signaling from its effect on IL-1/IL-18 signaling, we used cells derived from caspase-1 knockout mice as a control.
The immunostimulatory effect of CpG DNA was first clearly demonstrated by its ability to stimulate proliferation of B cells [14] [15] [16] . Therefore, we tested whether CpG DNA could induce proliferation of MyD88-deficient B cells. As expected, CpG DNA strongly induced proliferation of B cells derived from wild-type mice, whereas MyD88-deficient B cells did not proliferate in response to CpG DNA (Figure 1a) . B lymphocytes derived from caspase-1 knockout mice proliferated in response to CpG comparably to wild-type cells (Figure 1a) , suggesting that the effect of the MyD88 deletion is not due to a defect in IL-1/IL-18-mediated signaling. This result indicates that CpG DNA may signal through receptors of the Toll family. Therefore, we tested the two available TLR-deficient mouse strains: the C57BL/10ScCr, which carries a spontaneous deletion of the TLR4 gene [17, 18] , and TLR2 knockout mice [4] . Like wild-type cells, B cells deficient in either TLR2 or TLR4 proliferated in response to CpG (Figure 1a ). This result, together with the normal responses of cells deficient in caspase-1, suggested that a member(s) of the Toll family other than TLR2 or TLR4 is involved in recognition of CpG DNA.
We next tested whether CpG-induced expression of CD86 and upregulation of major histocompatibility complex (MHC) class II molecules on B cells is mediated by the MyD88 signaling pathway. B lymphocytes from MyD88 knockout mice and their wild-type littermates, as well as those from TLR4-deficient mice, were stimulated by CpG DNA. CD86 and MHC class II cell-surface expression was analyzed by fluorescence-activated cell sorting (FACS). As shown in Figure 1b , CpG DNA strongly induced expression of CD86 and MHC class II molecules on B cells from wild-type and TLR4-deficient mice. In contrast, this induction was completely abrogated in MyD88-deficient B lymphocytes.
As CpG DNA is also known to have a pronounced stimulatory effect on macrophages [19] [20] [21] , we examined CpG-induced expression of IL-6 by wild-type and MyD88-deficient macrophages. Cells derived from caspase-1 knockout mice were used as a control for IL-1-mediated induction of IL-6. We found that the production of IL-6 in response to CpG stimulation was completely abolished in MyD88 -/-macrophages, but was normal in cells deficient in caspase-1, TLR2 or TLR4 (Figure 2a) . Oligonucleotides consisting of an inverted CpG sequence (GpC) were used as a control and, as expected, did not induce detectable amounts of IL-6 ( Figure 2a ).
We next determined whether activation of the transcription factor NF-κB is deficient in MyD88 -/-macrophages. In wild-type cells, both LPS and CpG DNA induced NF-κB activation, as evidenced by the degradation of IκB protein (Figure 2b) . In MyD88 -/-macrophages, LPS still induced IκB degradation, although with delayed kinetics, as is consistent with published observations [7] . Unlike LPS, CpG DNA did not induce IκB degradation in MyD88 -/-macrophages ( Figure 2b ). Therefore, although both LPS and CpG DNA signal through MyD88, the signaling pathways initiated by these stimuli are not identical, reflecting a possibility that different TLRs can activate overlapping but distinct signaling pathways.
CpG DNA has been shown to be a potent inducer of dendritic cell activation [22] . Dendritic cells play a pivotal role in the initiation of the adaptive immune responses [23] . Upon interaction with microbial pathogens or PAMPs in peripheral tissues, dendritic cells undergo developmental changes collectively referred to as maturation [23] . The hallmark of dendritic cell maturation is the induction of cell-surface expression of CD80 and CD86 molecules, as well as migration into lymphoid tissues and production of cytokines such as IL-12 [23] . We therefore tested whether the induction of dendritic cell maturation by CpG DNA is mediated by the MyD88 signaling pathway. Consistent with published reports, CpG DNA induced secretion of large amounts of IL-12 by dendritic cells from wild-type mice. However, no detectable IL-12 was produced in response to CpG stimulation by dendritic cells derived from MyD88 knockout mice ( Figure 3 ). As expected, dendritic cells from TLR4-deficient mice produced wild-type levels of IL-12 in response to CpG DNA ( Figure 3) . Collectively, the results described here indicate that the immunostimulatory effect of CpG DNA on the three types of professional antigen presenting cells -dendritic cells, macrophages and B cells -is mediated by a MyD88 signaling pathway. MyD88 is involved in signal transduction by the Toll and IL-1 receptor families. The activities of the IL-1 family of cytokines, including IL-1 and IL-18, is dependent on processing by caspase-1 [13] but, in all the experiments described here, the absence of caspase-1 had no effect on cellular responses induced by CpG DNA. We tested whether TLR2 and TLR4 are involved in the recognition of CpG DNA and found that they are not, at least on the basis of the assays used in this study. We believe, therefore, that CpG DNA is recognized by a Toll receptor other than TLR2 and TLR4. Cell lines that express endogenous or transfected TLR1 through TLR6 did not respond to CpG DNA (data not shown), suggesting that some other member of the Toll family may mediate CpG DNA recognition. Although the identity of the Toll receptor responsible for recognition of CpG DNA remains unknown at this point, the fact that CpG DNA requires internalization to exert its stimulatory effect [16, 21] suggests that the TLR that mediates the recognition may be expressed in an intracellular compartment, such as the late endosome, phagosome or lysosome. 
